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Introduction
The interrelationship between structure and reactivity of chemical compounds has remained the most fundamental aspect of organic chemistry. Since the pioneering works of Ingold [1] , this interrelationship has been described proceeding firsthand from understanding about inductive, resonance and steric interactions between the reaction center and substituents. This approach has reached quantitative level by finding empirical relationships between various sets of data, and the term "correlation analysis" has been coined by Shorter [2] to designate this type of systematic analysis, including the quantitative structure-activity analysis [2] [3] [4] , based on applications of the linear free-energy (LFE) relationships, first introduced by Broensted [5] and Hammett [6] . These relationships have been widely used in organic chemistry for understanding and deducing reaction mechanisms, but also for target-directed drug design and in materials science [4, 7] . It is noteworthy that these fundamental relationships form also the basis for quantum chemical modelling of molecules and chemical reactions.
Results of the quantitative structure-reactivity analysis may be employed also in the design of synthetic routes. For a most recent example, an explanation and prediction of selectivity in the Grignard reagent coupling with silanes [8] can be mentioned.
The correlation analysis has been exploited mostly for organic reactions taking place at a carbon atom, and therefore our understandings about structural effects, including the parameters used for their quantification, stem from classical organic chemistry. However, today the importance of other elements has tremendously grown in chemical technology and materials science, resulting in increasing interest in extension of simple and efficient methods of correlation analysis to reactions occurring at elements other than carbon. This especially concerns silicon as the closest analogue of carbon in the third period. Some special features of organosilicon reactivity have been quantitatively demonstrated by contributions made by Eaborn [9] , Sommer [10] , and Cartledge [11] , to name just few. These contributions clearly point to the need of revision of principles of correlation analysis, derived for carbon chemistry, if extended to compounds of the third period.
Effects of aliphatic substituents on the reactivity of organosilicon compounds have been described by means of the Taft equation (Eq. 1) [9, 10, [12] [13] [14] [15] [16] [17] , where the two last terms express independent contributions from inductive and steric effects respectively [2, 3] .
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Silicon chemists have mainly used correlations for which the substituent constants have been defined proceeding from kinetic data for reactions at carbon atom. However, the steric parameters derived from reactions of organic carbonyl compounds (the Taft´s scale) have been only marginally suitable for description of steric effects in reactions taking place at Si atoms [11, 18] . On the other hand, several authors [19] [20] [21] have maintained that the Taft E S parameters do not involve a complete separation of steric and polar effects. Largely for the same reason, in numerous contributions [21] [22] [23] , the status of polar σ*-values for alkyl groups has been questioned. The main conclusion of these discussions is that alkyl substituents do not exert any inductive effect and the Taft σ* values of alkyl groups are an artefact.
In a great number of works, reactivity data for silicon compounds have been correlated with Taft σ*-constants [12] [13] [14] [15] [16] [17] (see also review [14] ). However, the authors failed to pay attention to a close correlation between σ* and steric E S constants of alkyl groups (R = 0.865) [24] . Thus, these correlations primarily described the steric effect of alkyl substituents. In cases where both alkyl and polar groups were simultaneously involved, the results were confusing, depending on the relative contribution of alkyl compounds in a reaction series. Therefore, as already stressed by Cartledge [11] , "substantial amounts of reactivity data in organosilicon chemistry need to be re-examined and re-interpreted".
Controversial results obtained with traditional methods of the linear free-energy analysis impelled us to undertake a more extensive revision of the correlation analysis in organosilicon chemistry [24] [25] [26] . A set of steric parameters E S (Si) for substituents at the silicon centre originally defined by Cartledge for several alkyl groups [11] , has been elaborated and also extended to polar groups for which these parameters were not previously available [24, 26] . In addition to silicon and phosphorus [27] compounds, the E S (Si) parameters for alkyl groups have been employed also for magnesium compounds [28] . Therefore these parameters might be applicable to all elements of the third period of the periodic table. Further correlation analysis [25] provided evidence for the insignificance of the resonance effect, at least in the nucleophilic displacement reactions at the silicon center.
Description of the inductive effect in organosilicon chemistry has not yet been solved unambiguously. Our attempts to calculate steric constants for polar substituents by means of Eq. 1 failed entirely and we had to admit that scale of σ* inductive constants by Taft cannot be applied to silicon chemistry [25] .
By that time Exner and Böhm suggested that the inductive effect may have complex character [29, 30] , and the pure inductive effect, expressed by σ I in Eq. 2, can be observed only in the case of charged groups. For less polar groups, however, the second term χ must be added. Although the physical meaning of the second term was unclear, it was directly related to electronegativity of the first atom of substituent [29, 30] .
As Taft σ* parameters for polar groups failed to describe adequately the reactivity of organosilicon compounds [25, 26] , we inserted the two-term expression of the inductive effect into Eq. 1 thus obtaining Eq. 2 for organosilicon reactions [26] log k rel = ρ
In Eq. 2, keeping the designations given by Exner and Böhm, χ is the electronegativity and ζ is the corresponding reaction constant. Instead of σ*-constants, the scale of σ I parameters [31] was employed. Eq. 2 was recently applied to a few reaction series and the results seemed to confirm the validity of the novel approach to the quantitative structure-reactivity analysis in organosilicon chemistry [26] . In the present work we applied this protocol to all available to us kinetic data for reactions of organosilicon compounds. While in former studies only one substituent was varied in each correlation, in this work all alkyl and polar substituents were involved to elucidate, inter alia, the additivity of steric and polar effects of substituents at the silicon centre. This problem seemed to us of principal importance, since in organic chemistry the steric effects of substituents are not additive [2] . Moreover, if one or two polar substituents are usually present at carbon atom, in silicon chemistry a greater number of substituents is typical.
Results and discussion

Data series
As the result of screening of available chemical literature, 28 series of kinetic data for organosilicon compounds, which were suitable for the correlation analysis according to Eq. 2, were found. Only compounds for which appropriate substituent constants were available (Table 1) could be involved in the analysis.
Kinetic data used in the correlations are collected in Table 2 , where the reaction equations, reaction conditions and the references are indicated. The experimental data are presented in their original form.
Compounds containing only alkyl groups were involved in 13 reaction series, while in 15 series both alkyl and polar substituents were present. In 10 reaction series one substituent was variable but both alkyl and polar groups were involved with few exceptions. In the remaining 18 series more than one substituent was varied and these compounds contained both alkyl and polar groups.
Reactions involved in this correlation analysis are predominantly nucleophilic replacements at the silicon center, however, the reagents and the reaction types were extremely different covering hydrolysis and solvolysis reactions with replacement of halide, OH, and OR groups (series 1 to 8) or at Si-H bond (series 19 to 24), also Grignard couplings (series 13 to 15), ozonolysis or bromination of silanes (series 26 to 28), and other examples. Results of the correlations are presented in Table 3 .
It should be noted that the scales of inductive and electronegativity parameters in Table 1 were not perfectly orthogonal, yielding the correlation coefficient 0.59. Therefore, to verify reliability of Eq. 2, and particularly the necessity for the electronegativity term, all 15 reaction series comprising polar substituents were correlated also without the electronegativity term. Irrespective of the rank of orthogonality in particular subsets of substituent Table 2 ). constants, the correlations were considerably poorer than those in Table 3 . What is more important, in half of the cases the correlation lead to meaningless results with statistically insignificant inductive or steric terms.
Correlations according to Eq. 2 proved to be unexpectedly good. For 18 reaction series, i.e., for the two third of the set, the correlation coefficients exceeded 0.98, while only three series exhibited the coefficients in the range from 0.90 to 0.95. Applicability of this kind of correlation analysis to such a wide range of mechanistically distinct reactions was very impressive. As these correlations held without exceptions, the pertinence of Eq. 2 for quantitative description of reactivity in organosilicon chemistry was highly plausible. Subsequently we discuss the steric and polar effects separately.
Steric effects
Results of the correlation analysis listed in Table 3 revealed great variation in the susceptibilities to the steric effect. However, enhanced susceptibility of reactions with sterically encumbered compounds was obvious. Good and excellent correlations in Table 3 provided solid evidence for exclusively steric influence of alkyl substituents. Likewise, additivity of steric effect was obvious, thus corroborating earlier conclusions drawn from results for alkyl substituents [11, 24] . Also, an interrelation between reaction mechanism and steric effect was evident. Steric demands in the base catalyzed reactions were greater than in corresponding acid catalyzed conversions (series 6 and 7 or 23 and 24). Low susceptibility to steric effects in Grignard couplings pointed to early transition states of the reactions (cf.
[25]). In ozonolysis and bromination of silanes the steric effects were small but promoting the reactions (series 26 to 28). The same was valid for reaction 9 where repulsion of the ethylene moiety appeared to be the rate limiting factor.
Polar effects
In the present context the polar effects were of particular interest since Exner´s concept of the inductive effect [29, 30] has been applied to kinetic data for the first time (cf. [26] ).
Polar substituents have been involved in 15 reaction series, as presented in Tables 2 and 3 . In three cases (series 3, 16, and 24) the electronegativity term in Eq. 2 was statistically insignificant in Eq. 2 and subsequently the correlation was performed without this term. In most cases the classical inductive effect (term ρ I σ I ) was promoting the reactions while the electronegativity term ζ<0 described some decelerating effect.
In ozonolysis and bromination of silanes (series 26 to 28) the unfavorable impact of the inductive effect was evident. In these cases the electronegativity term expressed symmetrically a rate enhancing effect. The physical meaning of this term remained obscure. Similarly, its content was left open also by Exner and Böhm [29, 30] . The electronegativity term in Eq. 2 can be considered provisionally as a correction factor for the inductive constants derived in organic chemistry. However, the relative contribution of electronegativity (ratio ζ/ρ I , last column in Table 3 ) varied largely and was probably related to both the reaction mechanism and the organosilicon substrate.
Indeed, for the nucleophilic substitution of chlorine at the silicon center with a single chlorine atom, contribution of electronegativity was negligible or very small, the ratio ζ/ρ I varying from zero to -0.29 (series 1-3, 10, 16, 17). When more chlorine atoms were present (series 11-13) the ratio took values about -0.5. For the reactions at the Si-H bond (series 24-26, 28) the ratio varied between zero and -0.25.
While in most cases ρ I >0 and ζ<0, apart from ozonolysis and bromination discussed above, an exception is provided by reaction 8, exhibiting apparently anomalous signs for regression constants ρ I and ζ. However, this very good correlation pointed at mechanistic circumstances being single example of acid catalyzed alcoholysis of silanoles in our data base.
Three reaction series (3, 16, and 24) behaved anomalously because of the statistically insignificant electronegativity term. However, for these reactions ζ<0, as generally expected for nucleophilic replacement reactions. Moreover, the reactions pertained to the set with low ζ/ρ I values (vide supra). Thus, certain contribution of the electronegativity effect cannot be excluded also in these cases.
More formally, from 15 reaction series comprising compounds with polar substituents, the electronegativity term was found statistically significant in 12 series, and this happened regardless the signs of this term, obviously presenting the mechanistic consequences. We considered this result as an important confirmation of the novel protocol for correlation analysis in organosilicon chemistry, including expression of the inductive effect by two terms.
Conclusions
All available quantitative data about reactivity of organosilicon compounds were compiled from literature and were subjected to correlation analysis by using a novel protocol, proposed as an alternative to that originating from the carbon chemistry. The results obtained for all 28 distinct reaction series confirmed applicability of this novel protocol, where the scale of steric constants E S (Si) was used together with the inductive effect parameters σ I and an additional electronegativity term. The excellent correlations corroborate former suggestions that (i) alkyl substituents contribute to the reactivity exclusively with their steric effects, (ii) steric and polar effects in silicon compounds are additive, and (iii) effect of conjugation with the silicon center (the resonance effect) is insignificant.
Analysis of the signs and values of regression coefficients lead to a conclusion that susceptibility to effects of substituents at the silicon center are sensibly related to mechanistic features of the reactions. Thus, the correlation analysis can be successfully employed as valuable tool for investigations of organosilicon reactions along with other contemporary methods. 
